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Abstract The passage of most molecules across biological
membranes is mediated by specialized integral membrane pro-
teins known as channels and transporters. Although these trans-
port families encompass a wide range of functions, molecular
architectures and mechanisms, there are common elements that
must be incorporated within their structures, namely the trans-
location pathway, ligand speci¢city elements and regulatory sen-
sors to control the rate of ligand £ow across the membrane.
This minireview discusses aspects of the structure and mecha-
nism of two bacterial transport systems, the stretch-activated
mechanosensitive channel of small conductance (MscS) and
the ATP-dependent vitamin B12 uptake system (BtuCD), em-
phasizing their general implications for transporter function.
) 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction
All cells are surrounded by one or more membranes that
create a permeability barrier separating the inside of the cell
from the extracellular environment. Consequently, passage of
most biologically relevant molecules across these membranes
must be mediated by specialized proteins known as transport-
ers. Currently, over 360 families of transporters have been
identi¢ed through biochemical and genomic analyses [1], high-
lighting the signi¢cance of transport processes in cellular me-
tabolism. The integral membrane proteins that mediate these
transport processes may be divided into two general catego-
ries: channels that facilitate the movement of molecules across
the membrane in their thermodynamically favorable direction,
and active transporters that function as molecular pumps to
translocate their substrates across the membrane against a
chemical potential gradient. For the latter category of trans-
porters, this thermodynamically unfavorable process is pow-
ered by coupling to a second, energetically favorable process
such as ATP hydrolysis, oxidation-reduction reactions, or the
movement of a second solute down a transmembrane concen-
tration gradient.
Although these transport families encompass a wide range
of functions, molecular architectures and mechanisms, there
are several common elements that must be incorporated with-
in their structures [2]. These include a translocation or perme-
ation pathway that enables the transmembrane passage of
substrates, speci¢city elements to ensure that the proper sub-
strate is transported, and regulatory sensors that control the
£ow of molecules across the membrane. As described in this
issue, the past ¢ve years have witnessed an explosion of prog-
ress in the structural characterization of channels and trans-
porters that has started to establish the structural organiza-
tion of these basic elements. In this minireview, we describe
aspects of the structure and mechanism of two bacterial trans-
port systems, the stretch-activated mechanosensitive channel
of small conductance (MscS) and the ATP-dependent vitamin
B12 uptake system (BtuCD), emphasizing general implications
for the transporter function.
2. The mechanosensitive channel MscS
The characterization and identi¢cation of intrinsically me-
chanosensitive (stretch-activated) channels in bacteria re£ect
the pioneering e¡orts of C. Kung and co-workers, who iden-
ti¢ed the ¢rst mechanosensitive channel (MscS) activity in
Escherichia coli in 1987 [3,4]. Recent reviews of mechanosen-
sitive channels emphasizing their structures and gating mech-
anisms may be found in [5^9]. The conductance of MscS is
approximately 1 nS (several orders of magnitude larger than
voltage-gated Kþ channels, for example), with a slight prefer-
ence for anions. In the absence of applied tension, the closed
state is stabilized by 28 kJ/mol [10]. Intriguingly, MscS also
exhibits voltage-dependent gating, with the channel opening
more easily as the membrane is depolarized [3,11] ; unfortu-
nately, the conductance of MscS exhibits desensitization,
which has so far precluded a quantitative analysis of this vol-
tage sensitivity. In 1999, Booth and co-workers established
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that the 286 amino acid protein encoded by the yggB gene was
associated with MscS activity [12].
The crystal structure of E. coli MscS [13] established that
the channel is a homoheptamer that can be divided into trans-
membrane and cytoplasmic domains (Fig. 1). The transmem-
brane domain is organized around three membrane-spanning
helices, designated TM1, TM2 and TM3, in each subunit.
Starting from the periplasmic N-terminus, the TM1 and
TM2 helices within one subunit are packed together in an
antiparallel fashion that buries an extensive interface, but
makes few contacts with other helices in the transmembrane
domain. TM3 returns to the cytoplasm through the channel
interior and generates the permeation pathway. Interestingly,
the TM3 helix is kinked at Gly113, so that the axis of the C-
terminal end of this helix is oriented nearly perpendicular to
the membrane normal. The cytoplasmic domain of MscS is
extensive, with the most notable structural feature being the
presence a large, interior chamber of V40 AP diameter that
connects to the cytoplasm through multiple openings (V14 AP
diameter) formed between the component domains of each
subunit. The entire heptameric assembly is linked at the car-
boxy-terminus by a seven-stranded parallel L barrel that con-
tains one strand from each subunit.
The equilibrium between closed and open states of MscS
can be shifted towards the open state by a combination of
tension applied to the membrane and depolarization of the
membrane potential [3]. The sensitivity to tension and voltage
are coupled so that as the membrane is depolarized, less ten-
sion is required to open the channel, and vice versa. The
diameter of the permeation pathway in the crystal structure
is V12 AP , and probably represents the open state of the
channel. In the absence of direct characterization, the struc-
tural changes associated with channel closing are not known,
although it seems plausible that the transition involves
changes in TM3 (perhaps through tilting or kinking of the
helix near Gly113), by analogy to observations on the gating
process in MscL [14,15] and K channels [16,17]. Biochemical
studies have also implicated substantial rearrangements in the
cytoplasmic domain of MscS during channel gating [18,19].
Although a detailed molecular mechanism remains to be
de¢ned, the TM1^TM2 helical hairpins at the periphery of
the membrane-spanning region are likely candidates for me-
diating the tension and voltage sensitivities of MscS [13]. A
swinging of this hairpin with respect to the permeation path-
way would generate a change in the cross-sectional area of the
channel, coupling the protein conformation to applied mem-
brane tension. Furthermore, TM1 and TM2 each contain sev-
eral arginine residues, most notably Arg46 in TM1 and Arg74
in TM2, that are in the likely membrane-spanning region
where they would be appropriately sited to respond to
changes in membrane potential. Consequently, rearrange-
ments of the TM1^TM2 hairpin would not only change the
cross-sectional area, as required for the mechanosensitivity,
but would also reposition the membrane-embedded arginines,
conferring sensitivity of MscS to changes in membrane poten-
tial. The positive electrostatic potential arising from another
arginine, residue 88, near the lip of the permeation pathway,
may contribute to the preference for anion conductance noted
for MscS.
2.1. Implications for voltage-dependent gating
The best-studied voltage-gated channels are members of the
Kv potassium channel family. Each subunit of a tetrameric
Kv channel contains six transmembrane helices, designated S1
to S6, with a series of arginine residues present in the S4 helix
(see [20]). In the structure of KvAP, an archaeal homolog of
Kv channels, determined by MacKinnon and co-workers [21],
the S4 helix, together with the C-terminal region of the S3
helix, forms a helical hairpin termed the voltage-sensor pad-
dle. This paddle is suggested to ‘operate somewhat like hydro-
Fig. 1. Ribbon diagrams of the MscS channel [13]. A: The polypeptide fold of an individual MscS subunit, with the N- and C-termini of the
protein at the top and bottom of the ¢gure, respectively. The positions of the three membrane-spanning helices, TM1, TM2 and TM3, are indi-
cated. Arginine residues located in the membrane-spanning region of this subunit are represented by CPK models. B: Side view of the MscS
heptamer viewed from the same direction as in A, with each subunit represented in a separate color. Figures were prepared with MOLSCRIPT
[40] and RASTER-3D [41].
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phobic cations attached to levers’ [21], to open and close the
pore in response to changes in membrane potential. This is the
same general mechanism for voltage gating proposed previ-
ously for MscS [13]. Indeed, the structures of the correspond-
ing regions in MscS and KvAP are quite similar (Fig. 2). The
observation that Kv channels are also mechanosensitive fur-
ther emphasizes the similarity in the conformational rear-
rangements proposed for gating by Kv-type and MscS chan-
nels [22]. Although the structures and functions of Kv and
MscS channels are quite distinct, the sensor elements share
‘the presence of positively charged groups (arginines) in the
membrane-spanning region and the relatively loose packing
against the remainder of the channel, so that voltage-mediated
changes in the position of these helices can occur and be
coupled to the opening and closing of the permeation path-
way’ [13].
3. The vitamin B12 importer BtuCD, an ATP binding cassette
(ABC) transporter
ABC transporters are a ubiquitous family of importer and
exporter proteins that pump their ligands across the mem-
brane against a concentration gradient (for overviews of this
large ¢eld, see [23^25]). Members of this family invariably
consist of two membrane-spanning domains that form the
translocation pathway, and two cytoplasmic ABC domains
that power the transport reaction through binding and hydro-
lysis of ATP. While most eukaryotic ABC transporters export
hydrophobic molecules from the cytoplasm, the majority of
bacterial ABC transporters import essential nutrients that are
delivered to them by speci¢c binding proteins. These peri-
plasmically located binding proteins bind their substrates se-
lectively and with high a⁄nity, which is thought to ensure the
speci¢city of the transport reaction. The membrane-spanning
domains are poorly conserved, including a wide variability in
the number of predicted transmembrane helices, which likely
re£ects the diversity of transported substrates. What ties the
family together is a number of highly conserved motifs in the
ABC cassettes, many of which are directly involved in the
binding and hydrolysis of ATP. These motifs include the
P-loop and a short polypeptide stretch of sequence TLSGGT
that is so speci¢c to ABC cassettes that it is generally referred
to as the ‘ABC signature sequence’. Because of these similar-
ities, it is generally assumed that all ABC cassettes bind and
hydrolyze ATP in a similar fashion, and use a common mech-
anism to transport substrates through the membrane-span-
ning domains.
The crystal structure of the E. coli vitamin B12 importer
BtuCD ([26], Fig. 3) provides a framework for addressing
the mechanism of this widespread family of active transport-
ers. The functional unit of this transporter consists of two
Fig. 2. Comparison of the helical-hairpin sensor elements for MscS
[13] and the KvAP voltage-gated potassium channel from Aeropy-
rum pernix (KvAP) [21]. The superimposed TM1^TM2 of MscS
(thin ribbons) and the S3b^S4 helices of KvAP (thick ribbons) are
colored with a rainbow gradient scheme from the N-terminus (blue)
to the C-terminus (red). Arginine residues within these helical hair-
pins are shaded cyan and magenta, for MscS and KvAP, respec-
tively.
Fig. 3. A: Ribbon diagram of the polypeptide fold for the BtuCD
vitamin B12 transporter [26]. The complete transporter is assembled
from four subunits, two membrane-spanning BtuC subunits (purple
and red) and two ABC cassette BtuD subunits (green and blue).
B: Ribbon diagram of the BtuF vitamin B12 binding protein [28],
illustrating the binding of the cobalamin ligand in the cleft between
the two domains of this protein. The relative orientations of BtuCD
and BtuF in A and B, respectively, are such that conserved argi-
nines on BtuC and conserved glutamates on BtuF (blue and red
CPK models, respectively) are juxtaposed in a proposed docking
complex for these species.
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copies each of the membrane-spanning BtuC subunits and the
ABC subunit BtuD. These subunits assemble such that the
two ABC cassettes are in close contact with each other, as
are the membrane-spanning transport subunits. At the center
of the heterotetramer, surrounded by all four subunits, there
is a water-¢lled channel that connects with the cytoplasm.
Each of the two BtuC subunits traverses the membrane 10
times for a total of 20 transmembrane helices in the trans-
porter. The interface between the two BtuC subunits is formed
primarily by the antiparallel packing of two pairs of helices
that create a large cavity opening to the periplasmic space.
Although no ligand is present in the structure, this cavity is of
su⁄cient size to accommodate the corrin ring of vitamin B12,
and hence likely represents the translocation pathway. The
cavity is closed to the cytoplasm by residues in two loops
that appear to function as a gate. The overall fold of the
BtuD subunit closely resembles that observed in other ABC
cassettes. The dimeric arrangement of BtuD subunits is sim-
ilar to that ¢rst observed in the DNA repair enzyme Rad50
[27]. Signi¢cantly, the subunits are aligned such that the nu-
cleotide is bound at the dimer interface between the ABC
signature of one subunit and the P-loop of the other, so
that the nucleotide binding site is a property of dimeric
ABC cassettes, and not of individual domains.
Biochemical studies with puri¢ed components have demon-
strated the formation of a stable complex between BtuCD and
its cognate binding protein BtuF of stoichiometry BtuC2D2F
[28]. Although the details of this interaction remain to be
experimentally established, the structures of the individual
proteins provide some clues. In common with other periplas-
mic binding proteins [29], the substrate binding site for vita-
min B12 is located in a deep cleft between the two lobes
of BtuF [28,30]. The B12 ligand is bound to BtuF in the
‘base-on’ conformation, with the directly bonded A and D
pyrrole rings of the corrin exposed to the solvent. Conserved
glutamate residues on the surface of BtuF adjacent to the
exposed ligand surface may be important for interaction
with a set of conserved arginine residues in BtuCD. A model
of the BtuC2D2F complex, generated from the individual crys-
tal structures through alignment of the conserved charges,
positions the bound B12 over the entrance to the translo-
cation pathway of BtuC. The ability to form a stable com-
plex between the binding protein and transporter should
facilitate crystallographic characterization of this docking in-
teraction.
The BtuCD and BtuF structures provide a framework for
the architecture of ABC transporters and a plausible mecha-
nistic scheme for ATP-powered import of vitamin B12 into
E. coli [26]. The close contact between the BtuD subunits
suggests that the power stroke in ABC transporters consists
of a cooperative modulation of the ABC cassette interface
upon ATP binding and hydrolysis, triggering rearrangements
in the gate region of the membrane-spanning subunits. In view
of the tight complexes observed between the binding protein
and transporter for several importers [28,31], it is likely that
one role of ATP hydrolysis is to dissociate the ternary com-
plex and return the system to the resting state. The single
translocation pathway at the interface of the membrane-span-
ning BtuC subunits is likely a common feature of ABC trans-
porters of water-soluble substrates, although the size and the
chemical nature of the internal surface will probably vary
considerably. In essence, the transporter appears to function
as an airlock, with nucleotide binding and hydrolysis orches-
trating a sequence of conformational changes that open and
close the appropriate gates so that unidirectional translocation
of a ligand is achieved without ever creating a continuous
channel across the membrane.
4. Concluding remarks
The MscS and BtuCD structures exemplify facets of the
general structural organization of the basic functional ele-
ments of channels and transporters. The simplest mechanism
for the passage of molecules down their chemical potential
gradient through channels such as MscS is to have a contin-
uous, open, translocation pathway across the membrane.
Control of channel conductance could be achieved by the
presence of a minimum of one gate that would block perme-
ation in the closed state. Transporters, in contrast, pump
molecules against a chemical potential gradient, and hence
cannot have a completely continuous, open pathway at any
point in their catalytic cycle. Rather, a set of two or more
gates would seem to be required that alternatively block ac-
cess to one side of the membrane or the other [32^34] ; the role
of the energy-dependent steps would be to control the proper
sequence of gate opening and closing. In the BtuCD structure,
the translocation pathway is closed at the cytoplasmic side,
and it seems plausible that one function of the binding protein
is to block access from the periplasmic side once the ligand
has been delivered to the transporter.
For proper biological function, opening and closing of the
translocation gates must be sensitive to environmental signals,
and hence channels and transporters must have functional
elements that can respond to the appropriate presence of li-
gands, membrane potential change, or membrane tension. In
the case of MscS, the TM1^TM2 helices appear to function as
integrated voltage^tension sensors that are coupled to confor-
mational changes in the permeation pathway formed by the
TM3 helices. The transport cycle of BtuCD requires associa-
tion with the BtuF binding protein; these interactions must be
transmitted to the membrane-spanning domains and ABC
cassettes to trigger the transport cycle. Speci¢city elements
can be incorporated into channels and transporters to select
the proper substrate for membrane translocation; in the
case of importer-type ABC transporters such as BtuCD, this
function is provided by extra-membrane binding proteins,
such as BtuF. In other systems, such as Kþ channels [35],
chloride channels [36], and aquaporin-type channels [37,38],
the selectivity element is an integral part of the membrane
protein. Speci¢city elements are not absolutely required, how-
ever; MscS lacks this component and is primarily non-specif-
ic.
With representative structures now available for some of
the major families of mechanosensitive, ligand- and voltage-
gated channels, and for primary (ATP-dependent) and sec-
ondary transporters, this is an exciting time in the channel
and transporter ¢eld [39]. These structures will undoubtedly
serve as the foundation for signi¢cant and rapid progress in
establishing the detailed molecular mechanisms of getting
molecules across the membrane.
Acknowledgements: Research in the authors’ lab was supported in
part by the US National Institutes of Health, grant GM62532, to
D.C.R. and a postdoctoral fellowship to R.B.B.
FEBS 27757 11-11-03 Cyaan Magenta Geel Zwart
R.B. Bass et al./FEBS Letters 555 (2003) 111^115114
References
[1] Busch, W. and Saier, M.H.J. (2002) Crit. Rev. Biochem. Mol.
Biol. 27, 287^337.
[2] Ferro-Luzzi Ames, G. and Lecar, H. (1992) FASEB J. 6, 2660^
2662.
[3] Martinac, B., Buechner, M., Delcour, A.H., Adler, J. and Kung,
C. (1987) Proc. Natl. Acad. Sci. USA 84, 2297^2301.
[4] Sukharev, S.I., Blount, P., Martinac, B. and Kung, C. (1997)
Annu. Rev. Physiol. 59, 633^657.
[5] Blount, P., Sukharev, S.I., Moe, P.C., Martinac, B. and Kung, C.
(1999) Methods Enzymol. 294, 458^482.
[6] Ghazi, A., Berrier, C., Ajouz, B. and Besnard, M. (1999) Bio-
chemie 80, 357^362.
[7] Martinac, B. (2001) Cell. Physiol. Biochem. 11, 61^76.
[8] Strop, P., Bass, R.B. and Rees, D.C. (2003) Adv. Protein Chem.
63, 177^209.
[9] Perozo, E. and Rees, D.C. (2003) Curr. Opin. Struct. Biol. 13,
432^442.
[10] Sukharev, S. (2002) Biophys. J. 83, 290^298.
[11] Cui, C., Smith, D.O. and Adler, J. (1995) J. Membr. Biol. 144,
31^42.
[12] Levina, N., To«temeyer, S., Stokes, N.R., Louis, P., Jones, M.A.
and Booth, I.A. (1999) EMBO J. 18, 1730^1737.
[13] Bass, R.B., Strop, P., Barclay, M. and Rees, D.C. (2002) Science
298, 1582^1587.
[14] Sukharev, S., Betanzos, M., Chiang, C.-S. and Guy, H.R. (2001)
Nature 409, 720^724.
[15] Perozo, E., Cortes, D.M., Sompornpisut, P., Kloda, A. and Mar-
tinac, B. (2002) Nature 418, 942^948.
[16] Perozo, E., Cortes, D.M. and Cuello, L.G. (1998) Nat. Struct.
Biol. 5, 459^469.
[17] Jiang, Y., Lee, A., Chen, J., Cadene, M., Chait, B.T. and Mac-
Kinnon, R. (2002) Nature 417, 523^526.
[18] Koprowski, P. and Kubalski, A. (2003) J. Biol. Chem. 278,
11237^11245.
[19] Miller, S., Edwards, M.D., Ozdemir, C. and Booth, I.R. (2003)
J. Biol. Chem. 278, 32246^32250.
[20] Hille, B. (2001) Ion Channels of Excitable Membranes, 3rd edn,
853 pp., Sinauer Associates, Sunderland, MA.
[21] Jiang, Y., Lee, A., Chen, J., Ruta, V., Cadene, M., Chait, B.T.
and MacKinnon, R. (2003) Nature 423, 33^41.
[22] Gu, C.X., Juranka, P.F. and Morris, C.E. (2001) Biophys. J. 80,
2678^2693.
[23] Higgins, C.F. (1992) Annu. Rev. Cell Biol. 8, 67^113.
[24] Holland, I.B. and Blight, M.A. (1999) J. Mol. Biol. 293, 381^
399.
[25] Thomas, P.J. and Hunt, J.F. (2001) Nat. Struct. Biol. 8, 920^923.
[26] Locher, K.P., Lee, A.T. and Rees, D.C. (2002) Science 296,
1091^1098.
[27] Hopfner, K.-P., Karcher, A., Shin, D.S., Craig, L., Arthur, L.M.,
Carney, J.P. and Tainer, J.A. (2000) Cell 101, 789^800.
[28] Borths, E.L., Locher, K.P., Lee, A.T. and Rees, D.C. (2002)
Proc. Natl. Acad. Sci. USA 99, 16642^16647.
[29] Quiocho, F.A. and Ledvina, P. (1996) Mol. Microbiol. 20, 17^25.
[30] Karpowich, N.K., Huang, H.H., Smith, P.C. and Hunt, J.F.
(2003) J. Biol. Chem. 278, 8429^8434.
[31] Chen, J., Sharma, S., Quiocho, F.A. and Davidson, A.L. (2001)
Proc. Natl. Acad. Sci. USA 98, 1525^1530.
[32] Widdas, W.F. (1952) J. Physiol. 118, 23^39.
[33] Jardetsky, O. (1966) Nature 211, 969^970.
[34] Tanford, C. (1983) Annu. Rev. Biochem. 52, 379^409.
[35] Doyle, D.A., Cabral, J.M., Pfuetzner, R.A., Kuo, A., Gulbis,
J.M., Cohen, S.L., Chait, B.T. and MacKinnon, R. (1998) Sci-
ence 280, 69^77.
[36] Dutzler, R., Campbell, E.B., Cadene, M., Chait, B.T. and Mac-
Kinnon, R. (2002) Nature 415, 287^294.
[37] Murata, K., Mitsuoka, K., Hirai, T., Walz, T., Agre, P., Hey-
mann, J.B., Engel, A. and Fujiyoshi, Y. (2000) Nature 407, 599^
605.
[38] Fu, D., Libson, A., Miercke, L.J.W., Weitzman, C., Nollert, P.,
Krucinski, J. and Stroud, R.M. (2000) Science 290, 481^486.
[39] Locher, K.P., Bass, R.B. and Rees, D.C. (2003) Science 301, 603^
604.
[40] Kraulis, P.J. (1991) J. Appl. Cryst. 24, 946^950.
[41] Merritt, E.A. and Bacon, D.J. (1997) Methods Enzymol. 277,
505^524.
FEBS 27757 11-11-03 Cyaan Magenta Geel Zwart
R.B. Bass et al./FEBS Letters 555 (2003) 111^115 115
